Clinical and pathological studies have suggested considerable overlap between tauopathies and synucleinopathies. Several genome-wide association studies have identified alpha-Synuclein (SNCA) and Tau (MAPT) polymorphisms as common risk factors for sporadic Parkinson's disease (PD). However, the mechanisms by which subtle variations in the expression of wild-type SNCA and MAPT influence risk for PD and the underlying cellular events that effect neurotoxicity remain unclear. To examine causes of neurotoxicity associated with the a-Syn/ Tau interaction, we used the fruit fly as a model. We utilized misexpression paradigms in three different tissues to probe the a-Syn/Tau interaction: the retina, dopaminergic neurons and the larval neuromuscular junction. Misexpression of Tau and a-Syn enhanced a rough eye phenotype and loss of dopaminergic neurons in fly tauopathy and synucleinopathy models, respectively. Our findings suggest that interactions between a-Syn and Tau at the cellular level cause disruption of cytoskeletal organization, axonal transport defects and aberrant synaptic organization that contribute to neuronal dysfunction and death associated with sporadic PD. a-Syn did not alter levels of Tau phosphorylated at the AT8 epitope. However, a-Syn and Tau colocalized in ubiquitinpositive aggregates in eye imaginal discs. The presence of Tau also led to an increase in urea soluble a-Syn. Our findings have important implications in understanding the cellular and molecular mechanisms underlying a-Syn/Tau-mediated synaptic dysfunction, which likely arise in the early asymptomatic phase of sporadic PD.
INTRODUCTION
Tau, a highly soluble microtubule-associated protein, has been linked to tauopathies, including Alzheimer's disease (AD) (1, 2) . a-Syn has been implicated in the pathogenesis of Parkinson's disease (PD) (3). Although they traditionally are associated with different syndromes, pathological and genetic studies have suggested a strong association between tauopathies and synucleinopathies. a-Syn-immunoreactive structures (4 -8), including Lewy bodies (LBs) (9 -12) , have been found in sporadic and familial AD brain. Tau-immunoreactive LB have been detected in the brain of sporadic PD and dementia with Lewy body (DLB) patients (13, 14) . Genome-wide association studies (GWAS) have also confirmed polymorphisms in alpha-Synuclein (SNCA) and Tau (MAPT) as common risk factors for PD (15, 16) . However, the mechanisms by which variations in SNCA and MAPT influence risk for PD are unknown (17) .
A few reports have shed light on the mechanistic underpinnings of neurotoxicity in the a-Syn/Tau interaction. Neurotoxic MPP + (1-methyl-4-phenylpyridinium ion) induces Tau hyperphosphorylation in the presence of a-Syn in SY5Y neuroblastoma cells (18) and wild-type mice (19) . Sidhu and coworkers found that a-Syn contributes to GSK-3b-catalyzed Tau phosphorylation in various models of parkinsonism (20, 21) . Giasson and coworkers reported that a-Syn induces fibrillization of Tau and that coincubation of Tau and a-Syn synergistically promotes fibrillization of both proteins (22) . Kotzbauer and coworkers reported the formation of insoluble filamentous a-Syn and Tau in A53T a-Syn PD brain (23) . Both of these efforts suggest that distinct amyloidogenic proteins may cross-seed each other in neurodegenerative diseases and thereby enhance disease intensity and accelerate its progression.
To examine further putative causes of synergistic toxicity of a-Syn/Tau, we used the genetically tractable model organism Drosophila. By utilizing misexpression paradigms in three different tissues: the retina (using the pan-retinal glass (gl) promoter), dopaminergic neurons (under control of the tyrosine hydroxylase promoter) and in the larval neuromuscular junction (NMJ) using motor neuron drivers (OK6 and VGLUT), we probed the affected cellular processes that lead to neurotoxicity. Misexpression of a-Syn with Tau enhanced a rough eye phenotype, loss of dopaminergic neurons and motor dysfunction in adults. Widespread cytoskeletal disorganization in the eye and abnormal microtubule organization in the larval neuromuscular junction were observed when both proteins were coexpressed. Misexpression of these proteins also led to axonal transport defects, decreased presynaptic proteins (Synapsin and Bruchpilot) and synaptic apposition defects. a-Syn did not alter levels of Tau phosphorylated at the AT8 epitope. However, a-Syn and Tau were observed to coexist in ubiquitin positive aggregates in the eye imaginal disc. Furthermore, Tau increased a-Syn in the urea fraction of sequential protein extracts. Our findings suggest that interactions between a-Syn and Tau at the cellular level cause disruption of cytoskeletal organization, axonal transport defects and aberrant synaptic organization that contribute to neuronal dysfunction and death associated with sporadic PD.
RESULTS

Misexpression of a-Syn enhances the Tau-mediated rough eye phenotype and apoptotic cell death in the eye
We misexpressed wild-type human a-Syn (24) in the Drosophila eye using the GMR-GAL4 driver in combination with human wild-type full-length (2N/4R) tau using a gl-Tau construct (human tau cDNA fused directly to the eye-specific gl promoter; (25) ). gl-Tau misexpression causes a rough phenotype of the external eye associated with abnormalities of photoreceptor neurons and other cell types in the underlying retina (26) . In the gl-Tau flies, the degree of the rough eye phenotype is intermediate and more pronounced anteriorly. The phenotype caused by misexpression of a-Syn alone (Fig. 1F ) was indistinguishable from that of the driver (Fig. 1E ). On the other hand, human Tau resulted in rough, reduced eyes, with the posterior region of the eye remaining more normal (Fig. 1G) . Misexpression of both Tau and a-Syn resulted in a more severe rough eye, with the abnormal phenotype extending farther posteriorly (Fig. 1H) . We also expressed a non-toxic protein (green fluorescent protein; GFP) along with Tau to rule out non-specific effects. Coexpression of Tau and GFP did not alter the eye phenotype of the gl-Tau flies (Fig. 1D) . Three-dimensional reconstruction of the adult eye aids in assessment of eye phenotypes (25, 27) . Peaks and valleys are two morphological contours of the 3D eye; peaks represent the normal organization of the photoreceptor neurons and other cell types underlying the retina. On the other hand, any form of abnormality in this organization results in collapse of the retina, leading to the formation of valleys. Eyes of animals coexpressing Tau and a-Syn (Fig. 1P) were more flattened than those expressing Tau alone (Fig. 1O ). Both the wild-type (driver alone; Fig. 1M ) and the a-Syn flies (Fig. 1N ) had eyes with a larger volume raised above the cuticular surface. Coexpression of the non-toxic protein GFP along with Tau ( Fig. 1L) showed retinal 3D volumetric morphology comparable with the eyes expressing Tau alone (Fig. 1K) . Wild-type (Fig. 1I) and GFP (Fig. 1J ) eyes were indistinguishable. These results confirm that the interaction between Tau and a-Syn is specific, as the presence of a non-toxic protein did not alter the phenotypic readout of Tau.
We previously showed (26) that expressing two copies of the Tau transgene in the larval eye disc results in cell death as assessed by abnormal accumulation of lamin, an indicator of nuclear envelope breakdown, which in turn is one of the hallmarks of apoptosis. To assess neurotoxicity associated with the a-Syn/Tau interaction, we stained the larval eye disc with an antibody against cleaved caspase-3 (activated caspase-3). This antibody has been widely used as a marker for dying cells (28) (29) (30) . Neither the controls ( Fig. 2A) nor the a-Syn eye discs (Fig. 2B) showed appreciable cleaved caspase-3 activity. Flies misexpressing Tau showed activated caspase-3 activity posterior to the morphogenetic furrow (Fig. 2C) . Coexpression of Tau and a-Syn led to increased activated caspase-3 ( Fig. 2D ).
Misexpression of a-Syn enhances Tau-induced motor dysfunction
Motor behavior has been used to interrogate neuronal function in various neurodegenerative models. Tau has previously been implicated in axonal transport defects and locomotor dysfunction in a Drosophila model (31) . To examine whether coexpression of a-Syn and Tau modulates adult locomotor behavior, we used the pan neuronal elav-GAL4 driver to express Tau, a-Syn or both in postmitotic neurons. We tested motor behavior using a simple climbing assay (negative geotaxis) in which a single adult male (7 days posteclosion) is tapped to the bottom and allowed to climb up an empty vial for 10 s. The distance travelled by the individual fly within the given time frame is a measure of its motor performance or climbing index. Motor performance of flies expressing a-Syn alone was indistinguishable from their control counterparts (P ¼ 0.64). On the other hand, flies expressing Tau had severe motor deficits, with an 67% decrease in the climbing index. The motor behavior was further impaired by 88% when compared with control with coexpression of Tau and a-Syn (Fig. 3) .
Coexpression of Tau and a-Syn leads to cytoskeletal disorganization and abnormal microtubule organization Both Tau and a-Syn have been reported to function as microtubule-binding proteins (32, 33) and bind the actin cytoskeleton (34) (35) (36) (37) (38) (39) . We examined actin and tubulin bundles along rhabdomere shafts in adult retinal longitudinal preparations. Misexpression of Tau (Fig. 4C ) and a-Syn (Fig. 4B ) alone did not lead to any dramatic change in the organization of actin bundles in rhabdomeres. However, phalloidin (an F-actin marker) staining of the retinal preparations of GMR-GAL4/+, gl-Tau/+; UAS-a-Syn/+ flies showed highly disorganized actin bundles (Fig. 4D) . Anti-tubulin staining of the retinal sections showed an organized rod-like staining pattern of tubulin in Human Molecular Genetics, 2014, Vol. 23, No. 11 3009 the wild-type (Fig. 4E ) and the a-Syn (Fig. 4F )-expressing flies. The microtubule shafts were disorganized in the Tau misexpressing flies (Fig. 4G ) and the extent of this disorganization was enhanced in the Tau/a-Syn coexpressing transgenics (Fig. 4H) . We further characterized the extent of cytoskeletal disorganization due to the coexpression of Tau and a-Syn using microtubule unbundling phenotypes in the larval neuromuscular junction. Using the monoclonal antibody 22C10, which recognizes Futsch, a presynaptic microtubule-associated protein related to vertebrate MAP-1B (40) , others have shown cytoskeletal disorganization (41) and microtubule unbundling (42) . The pattern of Futsch staining at the neuromuscular junction has been extensively characterized (40, 43, 44) . In wild-type larvae, Futsch staining in most boutons appears thread like, running along the axis of each synaptic branch and continuous with the axonal cytoskeleton. In some cases, highly organized loops are also observed within distal synaptic boutons; these have been correlated with microtubule stability or lack of change, whereas disruption of these loops is associated with motility and plasticity (40, 44) . Occasionally, there might be a few distal boutons in which Futsch staining appears punctate or diffuse in the wild-type animals (41, 44) . Futsch staining can also be found to fill the entire presynaptic space (filled phenotype) (41) or form many thin filaments diverging from the central bundle in a disorganized and spread out pattern within the bouton (splayed phenotype) (44) . These forms of Futsch staining (diffuse, punctate, splayed and filled) have been described as variant forms of disorganized microtubules found in mutants affecting synaptic structure. We have referred to the boutons having these variant forms of Futsch staining as abnormal boutons, in contrast with those boutons with a filamentous, thread-like staining pattern, which we consider normally bundled boutons. To determine if coexpression of Tau and a-Syn leads to disorganization of microtubules, we examined the pattern of Futsch staining at the neuromuscular junction of larvae and quantitated the percentage of abnormal boutons. In the control animals, 11% of the boutons were abnormal (Fig. 4I, M and Q) . In animals misexpressing a-Syn, 21% of the boutons showed the unbundled phenotypes (Fig. 4J, N and Q) . In contrast, Tau induced a substantial increase in the number of abnormal boutons (35%; Fig. 4K , O and Q). Coexpression of Tau and a-Syn further increased the number of boutons with disorganized microtubules to 60% (Fig. 4L , P and Q).
Misexpression of a-Syn enhances Tau-mediated axonal transport defects
Axonal and cytoplasmic accumulation of proteins and organelles are pathological hallmarks of human neurodegenerative (49) . Protein accumulation in the axon is an indication of axonal transport defects. Accumulation of synaptic vesicle proteins including synaptotagmin and cysteine string protein (50, 51) has been routinely used to assay axonal transport defects. Additionally, staining the axons with an antibody against Bruchpilot (BRP; an active zone marker, the Drosophila homolog of CAST protein important for active zone assembly) (52) and DVGLUT (a synaptic vesicle-associated protein) (53) have been used to detect axonal traffic jams.
To examine the effects of a-Syn/Tau on axonal transport, we assessed axonal accumulations of DVGLUT. The motor neuronspecific enhancer trap lines OK6-and VGLUT-GAL4 were used to drive expression of Tau and/or a-Syn. DVGLUT accumulates in motor neuron axons leading to the formation of axonal traffic jams. Flies expressing Tau alone showed some increase in the number of these aggregates ( Fig. 5C ) with respect to their control ( Fig. 5A ) and a-Syn (Fig. 5B) -expressing counterparts. Although we observed a few axonal aggregates in the a-Syn misexpressing animals, the number was not significantly different when compared with the driver alone (P ¼ 0.28; Fig. 5E ). The number of DVGLUT aggregates .1.68 mm 2 approximately doubled in animals coexpressing Tau and a-Syn when compared with the Tau misexpressing animals ( Fig. 5D and E) . The axonal transport defect due to a-Syn/Tau also was apparent using accumulation of BRP in the dual a-Syn/Tau transgenics (Supplementary Material, Fig. S1 ).
Misexpression of Tau enhances a-Syn-mediated dopaminergic neuronal loss
Loss of dopaminergic neurons in the dorsomedial and dorsolateral (DL) clusters have been characterized in fly PD models. We confirmed a decrease in TH immunoreactive cells in the DL cluster at 6 weeks in TH-GAL4, UAS-a-Syn/+; TH-GAL4, UAS-aSyn/+ ( Fig. 6C and E) transgenic flies when compared with their control counterparts (TH-GAL4/+ flies; Fig. 6A ). Overexpression of Tau, on the other hand, did not lead to significant cell loss (P ¼ 1; Fig. 6B and E). However, misexpression of a-Syn and Tau enhanced dopaminergic cell loss in the DL cluster of TH-GAL4, UAS-a-Syn/UAS-Tau; TH-GAL4, UAS-aSyn/+ flies ( Fig. 6D and E). Tau levels were comparable between UAS-Tau/+; TH-GAL4/+ and TH-GAL4, UAS-aSyn/UAS-Tau; TH-GAL4, UAS-a-Syn/+ flies. On the other hand, driving expression of Tau using two copies of the TH GAL4 driver increased mRNA expression by 10-fold when compared with TH-GAL4, UAS-a-Syn/UAS-Tau; TH-GAL4, UASa-Syn/+ flies (data not shown). This is due to titration effects associated with imbalance in the number of GAL4 and UAS copies. The lack of a TH-GAL4, UAS-lacZ; TH-GAL4, UASlacZ transgenic line had to be bypassed by using the UAS-Tau/+; TH-GAL4/+ trangenic. In the TH-GAL4, UAS-a-Syn/UAS-Tau; TH-GAL4, UAS-a-Syn/+ transgenic, two copies of GAL4 drive expression of three copies of UAS, so that one UAS is driven by 67% of the GAL4. On the other hand, in UAS-Tau/+; TH-GAL4/+, one UAS is driven by one GAL4. In the TH-GAL4/UAS-Tau; TH-GAL4/+ transgenics, one UAS is driven by two copies of GAL4, leading to very high levels of Tau. 
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Coexpression of a-Syn and Tau leads to synaptic defects in the neuromuscular junction Synaptic a-Syn pathology is one of the main contributors to neurodegeneration (54) . In DLB, 90% of a-Syn aggregates are presynaptic, suggesting that aggregate-based synaptic dysfunction may be one cause of neurodegeneration (54, 55) . a-Syn controls synaptic membrane processes and biogenesis, interacts with and modulates expression and distribution of synaptic proteins and controls neurotransmitter release (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) . Tau, on the other hand, plays a role in microtubule assembly, axonal transport, neurite outgrowth and stability of microtubules (69) . Missorting of Tau and loss of synapses are early events in AD. Tau causes decreased postsynaptic (PSD95, neuroligin, AMPA and NMDA receptors) and presynaptic proteins (bassoon and piccolo), mitochondrial dysfunction and loss of spines in mature hippocampal neurons (70) . Oligomeric Tau induces synaptic dysfunction by reducing levels of the synaptic vesicle-associated proteins synaptophysin and septin-11 (71) . Overexpression of human Tau in Drosophila larval motor neurons causes morphological and functional abnormalities in the NMJ (72) . Tau-expressing NMJ have irregular and abnormal bouton structures, abnormal endo-and exocytosis, and reduced evoked synaptic potentials (72) . However, the effect of misexpressing both Tau and a-Syn on synaptic organization has not been clearly elucidated. Using the motor neuron-specific-driver OK6-GAL4, we examined effects of a-Syn/Tau on expression of the vesicle clustering protein synapsin. Single bouton analysis revealed a decrease in synapsin in the a-Syn flies ( Coexpression of Tau and a-Syn led to a further 2-fold decrease in synapsin when compared with either alone (Fig. 7D , H and I).
We also examined expression of BRP, the Drosophila homolog of the human AZ protein ELKS/CAST/ERC, which is required for structural integrity and function of synaptic active zones (52) . Quantification of BRP puncta in a single bouton of the A2 hemisegment of muscle IV relative to the bouton's cross-sectional area showed a decrease for Tau We further examined synaptic defects, which have been reported previously in a fly AD model (74) . a-Syn led to increased unapposed Drosophila glutamate receptor type III (DGluRIII; Fig. 7K and N) when compared with controls. In normal synapses, presynaptic BRP puncta sit tightly apposed to the postsynaptic DGluRIII puncta. Abnormalities in this kind of synaptic organization are attributed to the increase in the presence of unopposed glutamate receptors, which lack opposite active zone partners. There was also an increase in the number of unapposed DGluRIII in the animals misexpressing Tau (Fig. 7L and N) . However, coexpression of Tau and a-Syn led to a further increase in the percentage of unopposed glutamate receptors when compared with the Tau-or a-Syn-expressing animals ( Fig. 7M and N) .
Localization of Tau and a-Syn in dual transgenics
Neuronal colocalization of Tau and a-Syn has been reported in familial AD, Down's syndrome and DLB brain (6, 12, 13, 75) . Dual staining of the striatum of PDGF-a-Syn mice with antibodies to a-Syn and p-Tau shows strong colocalization (21) . The larval eye disc has been routinely used to check for compartmental localization of various proteins (76) . We performed triple staining of eye discs with antibodies against Tau (T-46), a-Syn (rabbit polyclonal AB5038) and Elav (a nuclear marker; Fig. 8A-J) . Confocal images of single planar sections of third instar larval eye discs from the GMR-GAL4/UAS-Tau; UAS Syn/+ double transgenics stained with Tau, a-Syn and nuclear antibodies showed strong cytoplasmic colocalization (Fig. 8E-J) .
Abnormal aggregation of cellular proteins is a common feature of many neurodegenerative diseases, including AD, Huntington's disease, PD, prion disorders and amyotrophic lateral sclerosis (77) (78) (79) (80) (81) . In PD, Tau and a-Syn colocalize in Lewy bodies (14) . Triple staining of eye discs from the GMR-GAL4/UAS-Tau; UAS-a-Syn/+ larvae using antibodies against Tau, a-Syn and ubiquitin showed a-Syn and Taupositive puncta throughout the cytoplasm along with more diffuse staining (Fig. 8K, L and N) . Anti-ubiquitin staining confirmed these puncta to be ubiquitinated ( Fig. 8M and N) . These results are consistent with the theme of Tau coaggregation with a-Syn under pathophysiological conditions.
We also stained larval fillet preparations of animals coexpressing Tau and a-Syn with mouse T-46 (Tau specific; Fig. 8O ), rabbit AB 5038 (a-Syn specific; Fig. 8P ) and horseradish peroxidase (HRP) antibodies; Tau and a-Syn largely colocalized in the axons of motor neurons (Fig. 8Q, R and S) . This observation is consistent with a proposed interaction between Tau and a-Syn in modulating axonal functions, e.g. transport. We also stained the larval NMJ; although a-Syn staining was enriched in the presynaptic compartment of boutons stained with HRP ( Fig. 8U and W) , Tau was not found at the NMJ (Fig. 8T and W) .
Mechanisms underlying a-Syn/Tau-mediated toxicity
MPP
+ induces hyperphosphorylation of Tau in the presence of colocalizing a-Syn in SY5Y neuroblastoma cells (18) , primary mesencephalic neurons and wild-type mice (19) . Furthermore, Sidhu and coworkers (20) reported that the phosphorylation of Tau by a-Syn in various toxin-derived models of parkinsonism is mediated by GSK-b. Coimmunoprecipitation studies revealed that a-Syn, pSer396/404-Tau and p-GSK-b exist as a heterotrimeric complex in SY5Y cells. In the A53T a-Syn transgenic mouse, Sidhu and coworkers (82) found elevated levels of a-Syn in the striatum, increased hyperphosphorylated Tau and increased activated p-GSK-b. To assess whether misexpression of a-Syn leads to any change in the p-Tau (pSer202/pThr205) levels in our model of a-Syn/Tau interaction, we performed immunoblots with head extracts. We probed the blot with AT8, a monoclonal antibody that recognizes Tau phosphorylated at serine 202 and threonine 205, T-46, which detects total Tau, and GAPDH as a loading control. We did not detect any differences in AT8 signal between Tau alone and dual Tau/ a-Syn transgenics (P ¼ 0.974; Fig. 9A and B) . Total Tau levels were comparable in these animals (Fig. 9C ). Differential 3014
solubilization of proteins from fly head extracts using various buffers (phosphate-buffered saline (PBS), Triton X-100, SDS and urea) was performed to yield highly insoluble or membranebound proteins. Urea is known to solubilize hydrophobic membrane proteins in water (83, 84) . Tau decreased a-Syn in the PBS fraction ( Fig. 9D and F, P ¼ 0.0023) and increased its levels in the urea fraction ( Fig. 9E and F, P ¼ 0.0047). Thus, transgenic
Tau decreased solubility of a-Syn and/or rendered it more membrane-bound in vivo.
DISCUSSION
GWAS have confirmed polymorphisms in SNCA and MAPT regions as common risk factors for sporadic PD. Missense (90) . Tau mutations in FTDP-17 are missense or deletion mutations in the coding region or intronic mutations located close to the splice-donor site of the intron following the alternatively spliced exon 10. We examined the neurotoxic interaction of Tau and a-Syn in Drosophila. Our data have yielded insight into processes that are perturbed by this interaction and that culminate in neurodegeneration. Although others have attempted to unravel the basis of the neurotoxic a-Syn/Tau interaction, these efforts may not have uncovered the full spectrum of interactions that instigate neurodegeneration. We have focused on the influence of Immunohistochemistry of dual a-Syn/Tau eye discs shows colocalization. However, misexpression of a-Syn does not alter p-Tau levels as assessed using AT8 (91) . The discrepancy of this result when compared with observations of Haggerty et al. (82) and fibrillization (23) . We previously demonstrated using a Tau modifier screen in Drosophila that modifying the severity of tau-induced toxicity does not require altering its phosphorylation state (25) . We have also demonstrated dissociation between Tau phosphorylation and neurodegeneration in another context (91) .
Since both Tau and a-Syn bind microtubules and actin, modulation of cytoskeletal architecture might contribute to neurotoxicity underlying the a-Syn/Tau interaction. Phalloidin and anti-tubulin staining of longitudinal retinal sections show highly disorganized rhabdomere shafts in dual Tau/a-Syn animals. The NMJ shows similar results with aberrant bouton morphology in a-Syn/Tau animals. Reversible coimmunoprecipitation, affinity chromatography and direct binding assays using radiolabelled proteins have confirmed the direct binding of a-Syn to Tau both in vitro and in vivo (19, 21, 93, 94) . We speculate that direct interaction of a-Syn and Tau modulates their affinity for tubulin and actin, thereby leading to cytoskeletal disorganization and destabilization. Coexpression of Tau and a-Syn increases axonal accumulation of synaptic proteins DVGLUT and BRP. The extent of axonal traffic jams is highest in dual a-Syn/Tau transgenics, consistent with observations of others (31, 49, 95) . A few DVGLUT aggregates are observed in a-Syn-expressing animals, but this result is not significantly different from wild type. Colocalization of Tau and a-Syn in the axons of the motor neurons implies a functional interaction of these proteins in blocking axonal transport. Since Tau and a-Syn bind both free tubulin and actin (39, 65, 96, 97) , in addition to binding to microtubules and the actin cytoskeleton, their interaction may disrupt axonal architecture, hinder attachment of cargo and motor proteins, and thereby disrupt axonal transport. An alternative explanation for Tau/ a-Syn synergy invokes the ability of a-Syn to bind to microtubules (98) and Tau at its microtubule-binding site (93) . We speculate that a-Syn binds to human Tau and aids its binding to microtubules. Increased binding of hypophosphorylable Tau (Tau AP and Tau S11A ) to microtubules has deleterious effects on vesicle transport (49) and enhances adult eye phenotypes (91) . Increased binding of Tau to microtubules will interfere with the normal binding of motor proteins leading to improper transport.
Synaptic dysfunction is an early event in the pathogenesis of AD (99) and PD (100). Synaptic dysfunction can be caused by abnormal synapse organization, which eventually compromises synaptic integrity and efficacy. Abnormalities in microtubule organization at the NMJ have been described in various neurodegenerative models in the fly (41, 101, 102) . Abnormal microtubule organization in the boutons of dual a-Syn/Tau transgenics supports the hypothesis that defective synaptic cytoskeletal organization contributes to disease pathogenesis. We also saw some defects in the microtubule organization in the boutons of Tau misexpressing animals. This could explain the previously reported wide array of morphological defects observed at the synapse in tau transgenic flies (ON4R) (95) . Another technique for assaying synaptic dysfunction is to look for changes in the expression and localization of synaptic proteins at the NMJ. BRP is required for structural integrity and function of synaptic active zones (52) and is altered in models of ALS8 (41) . Shepherd and coworkers (72) observed abnormal distribution of synaptotagmin I in synaptic boutons in a fly tauopathy model. Dual a-Syn/Tau transgenics have decreased BRP puncta spanning the bouton area. Tau alone flies show some decline in BRP but much less when compared with dual transgenics. Due to impaired axonal transport in both the Tau/a-Syn and Tau alone flies, the amount of BRP that reaches synaptic terminals is likely to be insufficient. RNAi knockdown of BRP reduces quantal content and T bar formation at the larval NMJ (52), consistent with the hypothesis that BRP abnormalities in dual Tau/a-Syn dual transgenics lead to defects in synaptic transmission.
Drosophila synapsin maintains vesicle clustering over the periphery of the bouton (73) and is decreased in individual a-Syn and Tau transgenics. These data are consistent with the findings that a-Syn overexpression reduces synapsin 1 (68) and reminiscent of our observation that oligomeric Tau reduces levels of the synaptic vesicle-associated proteins synaptophysin and septin 11. Tau/a-Syn aggregates may sequester proteins, including synaptic proteins, thereby compromising their availability at the synapse. Alternatively, impaired transport may prevent efficient transfer of these proteins from the neuronal soma to presynaptic terminals. Coexpression of Tau and a-Syn lowers synapsin when compared with controls or single transgenics, likely due to enhanced axonal transport defects due to a direct interaction between axonal Tau and a-Syn, an indirect effect of Tau on a-Syn localization in synapses or sequestration of synaptic proteins by aggregates.
Coexpression of Tau and a-Syn also creates aberrant presynaptic/postsynaptic morphology in the larval NMJ. This may be due to impaired axonal transport as a direct effect of the a-Syn/Tau interaction or an indirect effect of Tau on the a-Syn localized in the presynaptic terminals. a-Syn associates with lipid rafts (103), interacts with membrane lipids to form toxic oligomers (104) (105) (106) and affects membrane bilayer structure and stability (107) . Microtubule organization is more abnormal in boutons of the dual Tau/a-Syn animals. In vitro and in vivo experiments have demonstrated that tubulin seeds a-Syn fibril formation (108) , and inhibiting microtubule assembly stimulates a-Syn aggregation (109) . Microtubule disorganization in synaptic boutons may trigger a-Syn aggregation. These aggregates on binding to the lipid membranes may destabilize them, leading to the collapse of tight pre-and postsynaptic apposition. This explanation is partly supported by our biochemical results that show increased insoluble/membrane-associated a-Syn in the presence of Tau in vivo.
In summary, this work has helped to uncover aberrant cytoskeletal organization, axonal transport and synaptic architecture underlying neuronal dysfunction due to synergistic toxicity of a-Syn and Tau in vivo. Coaggregation of Tau and a-Syn, as well as Tau-mediated decreases in a-Syn solubility, are likely to lie at the root of these changes in axonal and synaptic morphology. These findings provide mechanistic insights into the synergistic interactions between the SNCA and MAPT loci which are likely to play an important role in the pathogenesis of sporadic idiopathic PD.
MATERIALS AND METHODS
Fly stocks and genetics
Flies were reared and maintained at 258C on Jazzmix medium (Applied Scientific, Pittsburgh, PA, USA). All crosses were maintained under similar conditions. The GMR-GAL4 transgene on the X-chromosome (110) was placed in trans to the gl-tau line (26) to generate GMR-GAL4; gl-tau/CyO flies (25) . UAS-aSyn and the recombined TH-GAL4/UAS-a-Syn stocks were the generous gift of Leo Pallanck (24) . To maximize a-Syn expression in dopaminergic neurons, we used two copies each of the TH-GAL4 and the UAS-a-Syn transgenes. This combination has been shown to cause significant DA cell loss when compared with the one copy each counterpart (24) .Various other UAS transgenic lines used in our investigation are: UAS-Tau-1.13 (91) , UAS-lacZ and UAS-GFP (Bloomington Stock Center). The GAL4-driver lines used in our studies are: GMR-GAL4 on X and the second chromosome (eye specific), TH-GAL4 (DA neuron specific) (111), elav C155 -GAL4 (pan neuronal) (112), OK6-GAL4 (motor neuron specific) (113) and the VGLUT OK371 -GAL4 (motor neuron-specific line) (114) . w 1118 was crossed to the various GAL4 lines to generate the control animals.
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Three-dimensional image construction
Thoracic-abdominal segments of flies 3 -4 days posteclosion were glued onto a microscope slide with transparent nail polish. The head of the fly was positioned such that the right eye was facing the objective lens of the microscope and the left side of the head stuck to the nail polish. To more accurately quantitate retinal degeneration, we used a Nikon AZ100M microscope in combination with NIS-Elements AR 3.0 software (Nikon Instruments, Melville, NY, USA), which features an 'extended depth of focus' algorithm allowing for threedimensional reconstruction of Z-stack planar images (27) .
Immunohistochemistry
DA neuron staining
Dissection and immunohistochemistry staining of adult brain were carried out using modifications of published protocols (115, 116) . Briefly, aged flies were anesthetized, decapitated and their heads incubated in fixative (4% paraformaldehyde + PBS + 0.1% Triton X-100) on ice for 30 min. The heads were then dissected to remove the entire brain. Brains were then fixed in the same fixative for 2 h on ice. After fixation, brains were washed four times for 15 min each with wash buffer (0.1% PTX ¼ PBS + 0.1% Triton X-100) before incubation in blocking buffer (PBS + 0.1% Triton X-100 + 5% goat serum) for 1 h at room temperature. Tissues were incubated with mouse anti-tyrosine hydroxylase antibody (1 : 100, Immunostar, Hudson, WA, USA) overnight at 48C. This was followed by incubation with Alexafluor-conjugated anti-mouse secondary antibody (1:400, Invitrogen, Carlsbad, CA, USA) for 2 h at room temperature. Brains were washed four times for 15 min each in wash buffer and mounted on coverslips with Vectashield (Vector Laboratories, Burlingame, CA, USA).
Larval NMJ staining
Larvae were dissected and stained as described (117, 118) . In brief, wandering third instar larvae were dissected in cold PBS and fixed for 5 -10 min in Bouin's fixative and washed three times for 5 min each in 0.1% PTX. The samples were then incubated in the primary antibody solution (primary of the desired dilution + 2% normal goat serum + 0.1% PTX) overnight at 48C. Primary antibodies were rabbit anti-GluRIII (119)). Following this, the tissues were washed with 0.1% PTX thrice for 5 min each before being incubated with the appropriate secondary antibody for 1 h at room temperature. Staining was visualized using Alexafluor secondary antibodies (Invitrogen; 1:1000) and the HRP Dylight (Invitrogen; 1:1000).
Whole-mount staining of the adult retina and third instar eye imaginal discs Longitudinal retinal whole-mount preparations were made from 6-to 7-day-old adult females as described previously (120) . The retinal samples were fixed in 4% paraformaldehyde + 0.1% PTX for 3 h on ice. After fixation, retinal tissues were washed four times with 0.1% PTX and incubated in blocking buffer (PTX + 5% goat serum) for 1 h at room temperature. Tissues were incubated with primary antibody E7 (mouse anti-tubulin; DSHB) overnight at 48C. This was followed by four washes with 0.1% PTX and incubation with Alexa goat anti-mouse secondary antibody (1:400; Invitrogen) for 2 h at room temperature. Tissues were washed four times for 15 min each in 0.1% PTX and mounted on slides with Vectashield. For phalloidin staining, after blocking, retinal samples were incubated with Alexa 568-conjugated phalloidin (1:400; Invitrogen) at 48C overnight. This was followed by four washes with 0.1% PTX before mounting in Vectashield. For eye disc staining, tissues were fixed in 4% paraformaldehyde in PTX for 2 h on ice. Washing and blocking were done as for adult retina. Tissues were incubated with rabbit anti cleaved caspase-3 (1:100; Cell Signaling Technology), mouse anti-Tau (Tau5, 1: 300; Invitrogen), rabbit anti-a-Syn (AB 5038, 1:400; Millipore), rat anti-Elav (7E8A10, 1:20; DSHB), mouse anti-a-Syn (4D6, 1:400; Covance), chicken anti-Tau (1:150; Neuromics) or rabbit anti-ubiquitin (1:200; Abcam) overnight at 48C. This was followed by four washes with 0.1% PTX and incubation with goat Alexa-conjugated secondary antibody against the appropriate species (1:400; Invitrogen) for 2 h at room temperature. The tissues were washed in 0.1% PTX and mounted in Vectashield.
Behavior
Adult males 7 days posteclosion were selected for behavioral analysis. A single fly was placed in an empty vial. The fly was gently knocked down to the bottom of tube and allowed 10 s to climb up to the vial top. The distance travelled by individual flies in a 10 s time frame was measured. Five trials were run for each individual fly and the average of the five measurements was taken for statistical analysis. All analyses were performed with the experimenter blinded to genotype. Graphical and statistical analyses were performed using SigmaPlot 9.0 and SigmaStat 3.1 (Systat, San Jose, CA, USA).
Immunoblots
Freshly eclosed adult flies were collected and heads were dissected and homogenized in a lysis buffer consisting of 10 mM Tris -Cl (pH 7.4) + NaCl (0.8 M) + EGTA (1 mM, pH 8.0) + 10% sucrose + protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). Extracts were mixed with SDS sample buffer and separated by 10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes, blocked in 5% (w/v) non-fat dried milk in Tris-buffered saline + 0.1% Tween 20 and immunoblotted using the following antibodies: T46 (Invitrogen; 1:1000), 4D6 (Covance; 1:1000) and anti-GAPDH (ProScience; 1:1000). The membranes were incubated with peroxidase-labeled antimouse or anti-rabbit IgG and signals were detected using chemiluminescence. Films derived from immunoblots were scanned using a Konica SRX-101A Tabletop X-Ray film processor. Densities of bands were measured using NIH ImageJ. Graphical and statistical analyses were performed using SigmaPlot 9.0 and SigmaStat 3.1 (Systat).
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To derive highly insoluble or membrane-associated proteins, we performed a serial extraction of proteins in various buffers. Five hundred fly heads for each of the various genotypes were homogenized in PBS and centrifuged at 16 000g for 5 min. The pellet collected was homogenized in 2% Triton X-100 and vortexed. The pellet acquired from this step was redissolved in 2% SDS. The samples were vortexed again, and the pellet was dissolved in 2 M urea and incubated at room temperature overnight. The final extract of this solution was collected, mixed with SDS sample buffer and separated by 10% SDS -PAGE.
Image analysis and quantitation
Samples were imaged using a Zeiss LSM 510 Meta confocal microscope. For comparisons of fluorescence intensities across genotypes, samples from different genotypes were dissected and fixed identically and imaged under precisely identical conditions (identical exposures and light intensities) and in succession. For all data, images were taken at maximal brightness while avoiding saturation. Images were analyzed using LSM Image browser (for Z-stack processing) and NIH ImageJ software (quantitation). The experimenter was blinded to genotypes during both imaging and analysis. Statistical analysis was performed using one-way ANOVA for comparison of samples within an experimental group. All histograms and measurements are shown as mean + SEM.
Quantification of cleaved caspase-3 immunoreactivity was performed by analyzing individual confocal Z-series using ImageJ version 1.46. After background correction, color depth reduction to 8 bits, and adjustment of the detection threshold, automated quantification was performed with the 'analyze particles' function using a size of .6 mm 2 parameter. The total number of particles was scored automatically and divided by the total area of the eye imaginal disc (calculated using the ImageJ Analyze, measure tool).
The DA cell count was performed as described previously (121) . Briefly, each brain was scanned using optical sections covering an area that included DA neurons of the DL clusters. Each brain was analyzed with the examiner blinded to the genotype. The collected Z-series from each brain were then projected into a three-dimensional animation using the Zeiss LSM Image browser Projection tool or 3D projection tool under the Stacks option in ImageJ to precisely quantitate DA neuron numbers. We defined neuronal loss as a complete loss of somatic TH staining. To avoid confocal settings in different batches of samples that might artificially affect data interpretation, age-matched brains from different genotypes were examined simultaneously.
Microtubule disorganization at the larval NMJ was assayed as described previously (41) . This assay has also been reported as microtubule unbundling assay (42) . Type1b boutons from hemisegments of muscle 4 (A2, A3 and A4) were scored based on the pattern of their Futsch staining. Boutons with splayed, diffuse/ punctate or filled Futsch staining were scored as abnormal unbundled boutons, in contrast to boutons with filamentous, thread-like staining patterns. An index of microtubule disorganization was calculated by dividing the total number of abnormal boutons by the total number of boutons counted at the NMJ (abnormal boutons/(abnormal + normal boutons)).
For analysis of axonal transport, the intensity of BRP and HRP were measured in the axonal area in segments A3 and A4 (proximal end of the axon), using the ImageJ Analyze, Measure RGB plugin. The index of axonal transport defect was calculated by dividing the value of (BRP intensity/HRP intensity) by the area of the axon ((BRP intensity/HRP intensity)/area of axon in the A3-A4 segment). For quantification of axonal traffic jams, automated counting of the number of DVGLUT-positive aggregates of .1.68 mm 2 was carried out. Alternatively, using the ImageJ background correction, color depth reduction to 8 bits and adjustment of the detection threshold, automated quantification was performed with the 'analyze particles' function with a size of .1.68 mm 2 parameter to quantitate DVGLUT-immunoreactive traffic jams. The total number of these DVGLUT-positive aggregates was quantitated every 100 mm axonal length in the distal part (A5-A6 segment) of the segmental nerves.
Quantification of apposition defects at the resolution of the single bouton was adapted from the method reported by DiAntonio and colleagues (122) . Briefly, wandering third instar larvae were stained with antibodies to BRP, DGluRIII (117) and HRP (123) . All three markers were imaged at maximal brightness without the sample being saturated. The boundaries of the synaptic terminal were identified based on HRP staining to avoid inclusion of receptors and active zones from innervations other than motor neuron 4 1b prior to punctum counting. Next, active zone puncta apposed to receptor puncta were counted. Because an active zone punctum is apposed to a single glutamate receptor punctum, glutamate receptor counts were calculated as the number of apposed active zone puncta added to the number of unapposed glutamate receptor puncta. An unapposed glutamate receptor was defined as the receptor spot that occurred either in the absence of any nearby active zones or in rare cases with a small area of overlap with an adjacent active zone. Unapposed receptor puncta were divided by the total number of receptor puncta to determine the percent of unapposed glutamate receptors at the NMJ.
The analysis of changes in BRP was adapted from our previous work (41) . We manually counted the total number of BRP puncta in a single type 1b bouton of the muscle 4 A3 NMJ and then divided the value by the total area of the bouton (number of BRP puncta in a single bouton/area of the bouton). For detection of changes in synapsin, ImageJ's Analyze, Measure RGB plugin was used. Using this plugin, intensities of synapsin and HRP were measured in single Type 1b boutons of the muscle 4 A3 NMJ. The quantitative index of synapsin levels was calculated by dividing the synapsin intensity by the HRP intensity.
